NF-B is an inducible transcription factor that plays a role in the expression of a variety of genes involved in immune and inflammatory responses and cell survival (3, 13) . There are five known members of the mammalian NF-B/Rel family: p65 (RelA), c-Rel, RelB, p50 (NF-B1), and p52 (NF-B2). These proteins share sequence similarity over an approximately 300-amino-acid Rel homology domain. NF-B subunits are able to homo-or heterodimerize through the Rel homology domain, forming transcription factor complexes with a wide range of DNA-binding and activation potentials. Although all Rel members bind DNA, only p65, c-Rel, and RelB have extended carboxy termini harboring transactivation function (37) . The most widely studied and most abundant form of NF-B is a heterodimer of p50 and p65.
NF-B has typically been thought of as residing in the cytoplasm in an inactive form bound by its inhibitory proteins, members of the IB family (10, 37) , although evidence indicates that NF-B may shuttle between the nucleus and cytoplasm in unstimulated cells (5, 16) . The IB family members include IB␣, IB␤, p105 (IB␥) (precursor of p50), p100 (precursor of p52), and IBε. Activation of NF-B is induced by a number of stimuli, including inflammatory cytokines, phorbol esters, bacterial toxins (such as lipopolysaccharides), viruses, UV light, and a variety of mitogens (13) . Treatment of cells with these stimuli activates the IB kinase complex, leading to phosphorylation of serines 32 and 36 of IB␣ or serines 19 and 23 of IB␤ (7, 23, 29, 43) . This phosphorylation event targets the IB proteins for ubiquitination and degradation through the 26S proteasome complex, resulting in the release and translocation of NF-B into the nucleus (9, 13) .
Coregulatory (coactivator and corepressor) proteins have been shown to be required for the regulation of gene expression by many transcription factors. These proteins likely function by facilitating or bridging the sequence-specific activators to the basal transcriptional machinery as well as by altering chromatin structure. Coactivator proteins include CREB-binding protein (CBP) and its structural homologue p300 (4, 27) , steroid receptor-coactivator-1 (SRC-1) (33) , and p300/CBPassociated factor (p/CAF) (42) . Consistent with their role in altering chromatin structure, many coactivator proteins contain histone acetyltransferase (HAT) domains which are capable of acetylating lysine residues in the amino-terminal tails of the core histones. In contrast to coactivators, corepressor complexes include proteins that have histone deacetylase (HDAC) activity (reviewed in reference 19) . In mammalian cells, HDAC1 and HDAC2 are typically found in a large complex with either the mSin3 protein (the Sin3 complex) or as part of the Mi-2-NuRD complex (19) . The Sin3 complex is brought to promoters through its interaction, either directly or indirectly, with sequence-specific transcription factors. For example, the mSin3 protein contributes to Mad-Max repression by interacting directly with the Mad family of proteins (2) . Alternatively, the Sin3 complex represses nuclear receptor-mediated activation by interacting indirectly with unliganded nuclear receptors through either the N-CoR or SMRT corepressor proteins (14) . In this context, HDAC1 and HDAC2 are recruited to promoters through their interaction with Sin3. However, HDACs can also repress transcription through direct interaction with sequence-specific transcription factors. For example, HDAC1 has recently been shown to directly interact with the MyoD basic helix-loop-helix transcription factor to silence MyoDdependent transcription of p21 as well as muscle-specific genes (22) . HDAC2 has been shown to interact directly with the YY1 transcription factor, converting it from an activator to a repressor (41) . The homeodomain protein TGIF, which associates with the Smad proteins to mediate transforming growth factor beta signaling, has been found to interact directly with HDAC proteins (40) . HDAC1 has also been shown to interact with hypophosphorylated forms of the Rb family of proteins and, through the association of Rb with E2F, to mediate repression of E2F-dependent gene expression (15) .
Numerous reports indicate that a basal level of NF-B can be found in the nuclei of unstimulated cells. The function of this low level of nuclear NF-B is not known, but one possibility is that NF-B functions to repress and/or activate basal gene expression in these cells. This effect may be regulated by the differential association of NF-B with coactivator and corepressor proteins. Recent work has shown that NF-B-dependent gene expression requires the function of transcriptional coactivator proteins. The CBP and p300 coactivators interact with the p65 subunit of NF-B to enhance its ability to activate transcription (12, 28, 45) . Inducible phosphorylation of p65 by the protein kinase A (PKA) catalytic subunit stimulates NF-B-dependent gene expression by enhancing the interaction of p65 with CBP (44, 45) . Two other coactivators are also known to be involved in regulating the transactivation function of NF-B. The HAT function of the p/CAF coactivator was shown to be required for activation of NF-B-dependent gene expression (31) and the SRC-1 coactivator protein was shown to interact with the p50 subunit of NF-B to potentiate NF-B-mediated transactivation (25) . Thus, interaction with transcriptional coactivators is important in mediating the transactivation potential of NF-B. Moreover, the differential association of NF-B with coactivator proteins and possibly with corepressor proteins in unstimulated cells as well as in cells in which NF-B has been activated is likely to determine the level of activation or repression of NF-B-regulated genes.
Although the requirement of coactivators for transcriptional activation by NF-B is well established, very little work has been done to determine the importance of corepressors in regulating NF-B transactivation. There is some previous evidence to suggest that HDAC corepressor proteins may function to negatively regulate NF-B transcriptional activity (8, 17, 36) . In this report, we investigated whether corepressor proteins play a role in regulating NF-B transactivation function. Here we find that chemical inhibition of HDAC activity using trichostatin A (TSA) results in increased expression of an NF-B-dependent reporter gene. We show that both HDAC1 and HDAC2 regulate NF-B-dependent transcription and we demonstrate that HDAC1 can interact directly with the p65 subunit of NF-B to exert its corepressor function. Finally, we show that treatment of cells with TSA results in an increased basal level of expression as well as increased induced levels of expression of the NF-B-dependent interleukin-8 (IL-8) gene. We further show that this increase in expression is likely caused by hyperacetylation of the IL-8 promoter due to the inhibition of HDAC activity by TSA. These results suggest that regulation of NF-B-dependent gene expression requires the function of corepressor proteins. Moreover, we show that corepressor proteins may function to repress the transactivation function of the low level of uninduced NF-B found in the nucleus of some cell types. Therefore, in addition to inhibition of NF-B activity by the cytoplasmic IB family of proteins, we propose that NF-B transactivation function is also regulated in the nucleus through interaction with HDAC corepressor proteins and that a function of this association may be to actively repress expression of NF-B-regulated genes.
MATERIALS AND METHODS
Plasmid constructs and antibodies. The pBJ-HDAC1 expression vector was provided by S. Schrieber (Harvard Medical School, Boston, Mass.). pcDNA-HDAC1 was constructed by ligating a BamHI/EcoRI fragment from pBJ-HDAC1 into the BamHI/EcoRI sites of pcDNA3.1. The pcDNA-HDAC2 expression vector was provided by E. Seto (Moffitt Cancer Center, University of South Florida, Tampa, Fla.). The mSin3a expression plasmid was provided by D. Ayer (University of Utah, Salt Lake City, Utah). pCEP4-N-CoR was provided by C. Glass (University of California at San Diego, San Diego, Calif.). pCRX-SMRT was provided by R. Evans (The Salk Institute, San Diego, Calif.). The CMV-p65 and CMV-p50 expression plasmids have been described previously (34) . The GAL4-p50 fusion was made by ligating full-length p50 in frame with the GAL4 DNA-binding domain (GAL4 1-147). GAL4-VP16 contains a fusion of the VP16 activation domain (amino acids 413 to 490) to the GAL4 DNAbinding domain and GAL4-p65 contains a fusion of amino acids 280 to 551 of p65 to the GAL4 DNA-binding domain. The plasmids used for in vitro transcription and translation were pGEM-flag-p65, pcDNA-p65(1-521), pcDNAp65(1-313), pcDNA-p65(1-276), and pcDNA-p65(270-551). GST-HDAC1 was made by fusing the full-length HDAC1 coding sequence in frame into pGEX-4T-1 (Pharmacia). Reporter plasmids used in this study included 3XB-Luc, which contains three copies of the NF-B binding site from the major histocompatibility complex class I gene upstream of the luciferase reporter gene, and 5XGAL4-Luc, which contains five copies of the GAL4 DNA-binding site upstream of the luciferase reporter gene. Antibodies used in these studies were specific for p65 (Rockland), p50 (Upstate Biotechnology; 06-886), HDAC1 (Santa Cruz Biotechnology; sc-7872), and HDAC2 (Santa Cruz Biotechnology; sc-7899).
Cell culture, transfections, and luciferase assays. HeLa and 293 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, penicillin, and streptomycin. Cos-7 cells were grown in Iscove's minimal essential medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin. NIH 3T3 cells with stably integrated wild-type or mutant 3XB-Luc (provided by D. Guttridge, University of North Carolina, Chapel Hill, N.C.) and p65
Ϫ/Ϫ embryonic fibroblasts expressing either Flag-tagged empty vector or Flag-p65 (38) were grown in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum, penicillin, streptomycin, and 500 g of G418 (NIH 3T3)/ml or 450 g of hygromycin (p65 Ϫ/Ϫ )/ml. Transfections were performed using the Superfect transfection reagent (Qiagen) according to the manufacturer's recommendations. For tumor necrosis factor alpha (TNF-␣) inductions, cells were treated with 10 ng of TNF-␣/ml 24 h after transfection. For TSA treatments, cells were treated with 100 nM TSA (BioMol) for 16 h prior to harvesting cells for luciferase assays. Cells were harvested 16 h after induction and lysed using the mammalian protein extraction reagent (M-PER; Pierce). Luciferase assays were performed as described elsewhere (6) .
Immunoprecipitations and Western blot analysis. The indicated cell lines were harvested and lysed in IP buffer (50 mM Tris-HCl [pH 7.4], 250 mM NaCl, 0.5% NP-40, 10% glycerol, 0.1 mM EDTA, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 5 g each of aprotinin, leupeptin, and pepstatin/ ml). Whole-cell extracts were incubated with the indicated primary antibody in a total volume of 1 ml of IP buffer for 6 h at 4°C. For the final 2 h, 25 l of protein A-and G-agarose beads (Santa Cruz Biotechnology) was added. The complexes were then centrifuged at 4°C for 30 s and the beads were washed four times with 1 ml of IP buffer. The beads were then resuspended in sodium dodecyl sulfate (SDS) sample buffer, boiled for 3 min, and analyzed on SDS-10% polyacrylamide gels. Proteins were transferred to nitrocellulose membranes (Schleicher & Schuell), blocked with 5% blotting grade milk (Bio-Rad) in TBST (20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 0.5% Tween 20) , and incubated with the indicated antibodies for 30 to 60 min. Membranes were then washed with TBST and incubated for 30 min with secondary antibody conjugated to horseradish peroxidase (Promega) for 30 min, washed with TBST, and incubated with ECL chemiluminescence reagent (Amersham). Membranes were exposed to X-ray film to visualize the bands.
In vitro interactions. For in vitro interactions, the p65 full-length and deletion mutants were synthesized in vitro in the presence of [ 35 S]methionine (NEN) using the TNT Quick Coupled transcription and translation system (Promega) according to the manufacturer's recommendations. Reactions were carried out at 30°C for 1 h. Ten microliters (of the 50-l in vitro transcription and translation reaction) was then mixed with either glutathione S-transferase (GST) protein or GST-HDAC1 in 500 l (total volume) of binding buffer (phosphate-buffered saline with 1% Triton X-100) in the presence of glutathione-agarose beads (Sigma) and incubated at 4°C with gentle rocking for 1 h. Beads were then washed three times with 1ϫ phosphate-buffered saline containing 1% Trition X-100, resuspended in SDS sample buffer, boiled for 3 min, and analyzed on SDS-10% polyacrylamide gels. The gels were dried and bands were visualized by autoradiography.
Ribonuclease protection assays, Northern blot analysis, cell treatments, and RNA isolation. A custom Riboquant Multi-probe RNase Protection Assay System (Pharmingen) with six genes known to be regulated by NF-B was used. The genes included in the kit were those for TRAF1, TRAF2, Bfl1/A1, c-IAP-2, IL-8, and IL-2R␣. Reactions were carried out according to the manufacturer's recommendations and bands were visualized by autoradiography. Northern blot analysis was performed as previously described (1) . Probes specific for human IL-8 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were labeled by nick translation and added directly to the hybridization solution. HeLa cells were treated with a final concentration of 10 ng of human recombinant TNF-␣ (Promega)/ml or 10 ng of mouse IL-1␤ (Life Technologies)/ml for the indicated times. Where indicated, TSA (Biomol) treatments were done for 18 h at a final concentration of 100 nM. Total RNA was made using Trizol reagent (Life Technologies) according to the manufacturer's recommendations.
ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed using the Acetyl-Histone H3 Immunoprecipitation Assay kit (Upstate Biotechnology) according to the manufacturer's recommendations. The integrated wildtype and mutant 3XB-Luc promoter was amplified using the primer pair 5Ј-A GCTTGGGCTGCAGGTCG-3Ј and 5Ј-GCGGAACCGCCGGCTCTATCC-3Ј. The human IL-8 promoter region from Ϫ121 to ϩ61 was amplified with the primer pair 5Ј-GGGCCATCAGTTGCAAATC-3Ј and 5Ј-TTCCTTCCGGTGG TTTCTTC-3Ј. The human IL-8 upstream region from Ϫ1042 to Ϫ826 was amplified with the PCR primer pair 5Ј-AACAGTGGCTGAACCAGAG-3Ј and 5Ј-AGGAGGGCTTCAATAGAGG-3Ј. Primers were end labeled with [␥-32 P] dATP. PCR was performed for 30 cycles and the products were analyzed on a 6% acrylamide gel. The gels were dried and the bands were visualized by autoradiography.
RESULTS

TSA treatment causes increased expression of an integrated NF-B-dependent reporter gene.
In order to begin to determine a possible role for HDAC corepressor proteins in regulating NF-B-mediated transactivation, we utilized NIH 3T3 cell lines harboring a stably integrated NF-B-dependent reporter gene (wild type or mutant 3XB-Luc). This is important since HDACs function by modifying chromatin structure through deacetylation of histones and transiently transfected plasmids are not efficiently packaged into chromatin (18, 32) . Treatment of the NIH 3T3 3XB-Luc wild-type cells with TNF resulted in a five-to sixfold stimulation of the reporter gene relative to uninduced basal expression (Fig. 1A, left panel) . Treatment of these cells with the HDAC inhibitor TSA caused a three-to fourfold increase over basal expression (Fig. 1A , left panel), implying that NF-B, possibly in association with HDAC proteins, plays a role in repressing basal expression of the reporter gene. When cells were treated simultaneously with TNF and TSA, a 14-fold increase was seen (Fig. 1A , left panel), a level more than 2-fold higher than with TNF alone. The data shown are from pools of G418-resistant colonies; however, similar results were seen when four independent wildtype clones were tested (data not shown). The observed increases are dependent on an intact NF-B binding site and not on global derepression of the repressive chromatin structure since there was no increase in expression after TNF or TSA treatment alone or simultaneous treatment with TNF and TSA in the cells with the stably integrated mutant 3XB-Luc reporter (Fig. 1A , right panel) or with a stably integrated pGL-2 basic (promoterless vector) reporter (data not shown). Moreover, the increased expression after TSA treatment, in either untreated or TNF-induced cells, is not due to increased levels of nuclear NF-B, since the amount of p65 in the nucleus of both untreated and TNF-stimulated cells was similar in the presence or absence of TSA treatment (Fig. 1B, upper panel) . Although the amount of p65 in the nuclei of untreated cells is similar in the presence or absence of TSA, TSA treatment results in a two-to threefold increase in basal reporter gene expression, implying a role for NF-B in regulating basal gene expression. Finally, the overall levels of p65 were not affected by treatment of cells with TSA, further indicating that the TSA effect on NF-B transactivation is mediated through inhibition of HDAC activity and not by altering the amount of NF-B (Fig. 1B, lower panel) . These results are in agreement with a previously published report that showed that treatment of HeLa cells harboring a stably integrated human immunodeficiency virus long terminal repeat (LTR)-chloramphenicol acetyltransferase reporter gene with TSA resulted in an increase in both basal and induced expression of the reporter gene (8) . In order to determine if the increased expression of the wild-type integrated reporter in response to TSA was due to hyperacetylation of the promoter region, ChIP assays were performed. Figure 1C shows that treatment of the wild-type NIH 3T3 3XB-Luc cells with TSA results in a dramatic increase in acetylation of this promoter (Fig. 1C , upper panel, compare lanes 1 and 2). In contrast, no acetylation was seen in NIH 3T3 cells containing the mutant 3XB-Luc reporter (Fig.  1C, upper panel, lanes 3 and 4) . Taken together, these results imply that transactivation by NF-B is regulated, at least in part, by association with HDAC corepressor proteins and that inhibition of HDAC activity results in hyperacetylation of the wild-type NIH 3T3 3XB-Luc promoter and subsequently higher levels of reporter expression.
Overexpression of HDAC1 and/or HDAC2 represses TNF-␣-induced expression of an NF-B-dependent reporter gene. HDAC1 and HDAC2 are class I HDACs with homology to the yeast Rpd3 HDAC protein. HDAC1 and HDAC2 interact with each other and are typically found as components of large corepressor complexes such as the mSin3 and Mi-2-NURD complexes (19) . We therefore decided to determine if HDAC1 and HDAC2 can regulate NF-B-mediated transactivation of a transiently transfected NF-B-dependent reporter gene. TNF treatment of Cos-7 cells transfected with the 3XB-Luc reporter and a vector control yielded a sevenfold induction of 3XB-Luc reporter gene activity ( Fig. 2A) . Overexpression of either HDAC1 or HDAC2 reduced TNF induction of the reporter gene to about fourfold over the basal level. Overexpression of both HDAC1 and HDAC2 together essentially blocked induction of the 3XB-Luc reporter gene in response to TNF induction (Fig. 2A) ; however, expression of HDAC1 and HDAC2, either alone or together, had no effect on the basal level of expression of the reporter gene ( Fig. 2A ). Cells were also transfected with a mutant form of the IB␣ inhibitor in which the serines at positions 32 and 36 had been changed to alanines. The resulting protein (referred to as IB␣ super repressor, or IB␣-SR) blocks activation of NF-B because it can no longer be inducibly phosphorylated and degraded by the proteasome. As expected, transfection of IB␣-SR resulted in inhibition of both basal and TNF-induced expression of the 3XB-Luc reporter ( Fig. 2A) .
One mechanism by which the HDAC proteins likely exert their corepressor function is by modifying chromatin structure through their HDAC activity. However, since transiently transfected plasmids are not efficiently packaged into chromatin, we examined the effect of HDAC1 and HDAC2 expression on TNF induction of the integrated wild-type and mutant 3XB luciferase reporters. TNF induction of vector control-transfected cells harboring an integrated wild-type 3XB-Luc reporter gave a 14-fold induction of luciferase activity relative to the basal level (Fig. 2B, left panel) . Transfection of HDAC1 or HDAC2 alone reduced the level of induction to about five-to sixfold over basal levels (Fig. 2B, left panel) . Cotransfection of both HDAC1 and HDAC2 resulted in a further reduction of TNF-induced expression to an approximately threefold total induction relative to the basal level (Fig. 2B, left panel) . Transfection of IB␣-SR almost completely blocked both basal and TNF-induced expression of the reporter (Fig. 2B, left panel) , indicating a high level of transfection efficiency. In addition, the basal level of expression of the integrated reporter gene is much lower in the cells transfected with IB␣-SR, further suggesting a role for NF-B in regulating basal, unstimulated expression of the reporter gene. However, expression of HDAC1 and HDAC2 either alone or together had no effect on the unstimulated level of expression of the reporter (Fig. 2B,  left panel) . The reason for this is not clear, but one explanation may be that in unstimulated cells, the amount of NF-B in the nucleus is already limiting relative to the level of HDAC proteins. Therefore, further increasing the amount of HDACs in 2) and mutant (lanes 3 and 4) cells. Cells were treated with either vehicle (dimethyl sulfoxide) or TSA for 18 h. DNA and protein were cross-linked with formaldehyde, and DNA was sheared and immunoprecipitated with anti-acetyl histone H3 antibody. After reversing cross-links, the DNA was amplified using end-labeled primers specific for the promoter region of the integrated 3XB-Luc reporter gene. PCR products were analyzed by polyacrylamide gel electrophoresis and bands were visualized by autoradiography. Input, DNA prior to immunoprecipitation with the anti-acetyl histone H3 antibody.
the cell has no effect on the basal level of expression and can only cause repression when higher levels of NF-B are found in the nucleus after stimulation with TNF. As expected, in cells harboring an integrated mutant version of the 3XB-Luc reporter, no increase in expression was seen after TNF induction and expression of HDAC1 and/or HDAC2, and IB␣-SR had no effect on reporter gene expression (Fig. 2B, right panel) . These results indicate that the reduced levels of reporter gene expression in cells expressing HDAC1 and HDAC2 are dependent on NF-B. In addition, these results also show that HDAC1 and HDAC2 are able to repress induction of both a transiently transfected and stably integrated NF-B-dependent reporter equally well. This may imply that the ability of the HDAC proteins to repress NF-B-mediated gene expression is not entirely dependent on the HDAC activity or that the chromatin structure of the transiently transfected reporter plasmid is able to affect the regulation of expression of the reporter gene and that it can be modulated by coactivator and core- (35) . In addition, a recent paper showed that cotransfection of the SMRT corepressor with p65 was able to moderately repress p65-mediated transactivation (20) . We therefore decided to determine if mSin3a, N-CoR, or SMRT was able to repress the ability of TNF to induce NF-B-dependent transactivation. In order to test this, mSin3a, N-CoR, or SMRT was cotransfected into HeLa cells along with the 3XB-Luc reporter gene. The cells were either untreated or stimulated with TNF and assayed for reporter gene activity. These data show that mSin3a was able to modestly repress TNF induction of the 3XB-Luc reporter gene two-to threefold relative to the vector control (Fig. 3A) . Expression of the N-CoR corepressor protein was also able to repress TNF-induced expression of the reporter (less than twofold reduction) (Fig. 3B ), although to a slightly lesser extent than did mSin3a. Interestingly, expression of SMRT resulted in a slight increase in basal expression of the reporter gene and a 40-fold induction of expression after TNF treatment, a level about fourfold higher than TNF induction in the vector control cells (Fig. 3C) . Our results suggest that mSin3a and N-CoR are capable of repressing TNF-induced transactivation mediated by NF-B in transient transfections but that SMRT is not able to repress, and in fact, may sequester endogenous HDAC proteins to increase NF-B-dependent transactivation.
HDAC1 targets p65. In order to determine if HDAC1 can repress p65-mediated transactivation, we used a fusion of fulllength p50 to the GAL4 DNA-binding domain in cotransfection experiments with p65. The p50 protein does not have a transactivation domain and therefore the GAL4-p50 fusion cannot efficiently activate expression of the GAL4-Luc reporter gene. However, when p65 is cotransfected with GAL4-p50, a high level of expression is seen since p65 has a potent transactivation domain and can dimerize with p50. When transfected into HeLa cells, the GAL4-p50 fusion can weakly activate a 5XGAL4-Luc reporter gene, resulting in about a fourfold induction relative to expression of the GAL4 DNAbinding domain alone (Fig. 4A) . Cotransfection of a plasmid expressing p65 resulted in a greater than 80-fold stimulation of reporter gene expression, due to dimerization of p65 with the GAL4-p50 fusion. This stimulation was dependent on the presence of GAL4-p50, since expression of p65 with just the GAL4 DNA-binding domain did not induce expression of the reporter gene (Fig. 4A) . When HDAC1 was expressed along with GAL4-p50 and p65, the level of induction was reduced to about 20-to 25-fold (Fig. 4A) . Expression of HDAC1 with the GAL4 DNA-binding domain alone or with p65 alone did not have any effect on reporter gene activity (Fig. 4A) . Also, HDAC1 had no effect on the low level of expression seen with the GAL4-p50 fusion (data not shown), indicating that HDAC1 is not functioning through p50. Expression of HDAC1 or HDAC1 and p65 had no effect on the level of expression of the GAL4-p50 fusion (Fig. 4A, right panel) . Therefore, the observed repression caused by HDAC1 is not due to reduced GAL4-p50 expression. As a control for specificity, the effect of HDAC1 expression on the ability of the GAL4 DNA-binding domain and fusions of the VP16 and p65 transactivation domains to the GAL4 DNA-binding domain to activate reporter gene expression was also tested. As expected, no effect was observed when HDAC1 was expressed with the GAL4 DNAbinding domain (Fig. 4B ). HDAC1 expression also had no effect on the high level of activity of the GAL4-VP16 fusion (Fig 4B) . A modest level of repression (less than twofold) was FIG. 3. mSin3a and N-CoR, but not SMRT, can repress TNF-induced expression of 3XB-Luc. Cos-7 cells were transfected with wild-type 3XB-Luc and either an appropriate control vector or pIRESHis-mSin3a (A), pCEP4-N-CoR (B), or pCMX-SMRT (C). Twenty-four hours after transfection the cells were either untreated (UT) or treated with 10 ng of TNF-␣/ml for 8 h. Extracts were prepared and relative luciferase activities were determined by normalizing to total protein. Activity is expressed as fold activation relative to the untreated control and is the average Ϯ SD from a representative experiment. Experiments were performed a minimum of three times, with similar results.
seen when HDAC1 was expressed with the GAL4-p65 fusion (Fig. 4B) , possibly due to weak interactions between HDAC1 and the p65 C-terminal region. These results provide further evidence that the transactivation function of NF-B is negatively regulated by the activity of HDAC corepressor proteins and that this repression is mediated through an interaction with p65.
p65 coimmunoprecipitates with HDAC1. In order to determine if p65 and HDAC1 and/or HDAC2 can interact in vivo, 293 cells were transfected with expression plasmids for p65, Where indicated, cells were also transfected with pCMV-p65 and/or pcDNA-HDAC1 (either 0.5 or 1.0 g). Forty-eight hours after transfection extracts were prepared and relative luciferase activities were determined by normalizing to total protein. Activity is expressed as fold activation relative to the untreated control and is the average Ϯ SD from a representative experiment. Experiments were performed a minimum of three times, with similar results. Right panel, Western blot probing for GAL4-p50 to show that its expression was not affected by expression of HDAC1. (B) HeLa cells were transfected with the GAL4 DNA-binding domain, GAL4-VP16, or GAL4-p65 and either control vector or pcDNA-HDAC1 along with 5XGAL4-Luc reporter plasmid. Forty-eight hours after transfection extracts were prepared and relative luciferase activities were determined by normalizing to total protein. Activity is expressed as fold activation relative to the untreated control and is the average Ϯ SD from a representative experiment. Experiments were performed a minimum of three times, with similar results.
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HDAC1, and HDAC2 and coimmunoprecipitations were performed. As shown in Fig. 5 , HDAC1 was coimmunoprecipitated with p65 in cells transfected with p65 and HDAC1 alone or with HDAC1 and HDAC2 (Fig. 5, lanes 3 and 5) . This interaction was dependent on the presence of both p65 and HDAC1, since HDAC1 was not coimmunoprecipitated with p65 in vector control cells or in cells transfected with just p65 or just HDAC1 and HDAC2 (Fig. 5, lanes 1, 2, and 6 ). No direct interaction was seen between p65 and HDAC2 (data not shown), although HDAC2 was coimmunoprecipitated with p65 in the presence of HDAC1 (data not shown). As a control, an immunoprecipitation and Western blot for HDAC1 from cells transfected with HDAC1 and HDAC2 were performed. These data indicate that HDAC1 interacts with p65 and that HDAC2, probably based on its interaction with HDAC1, is indirectly associated with p65. In order to determine if endogenous HDAC1 interacts with NF-B in vivo, coimmunoprecipitation experiments were performed using immortalized mouse embryonic fibroblasts (MEFs) from a p65 knockout mouse which had been reconstituted with either Flag-tagged p65 or the Flag vector (38) . The level of expression of p65 in these cells is similar to the level seen in p65 ϩ/Ϫ heterozygotes and is therefore not an overexpression system (data not shown). The Flag-p65 line and the vector control line were either untreated or treated for the indicated times with TNF. Cells were harvested and immunoprecipitations were performed on whole-cell extracts using an anti-HDAC1 antibody. Results from the vector control p65 knockout line and from the Flag-p65-reconstituted line are shown in Fig. 6 . As expected, there was no detectable p65 in either the whole-cell extracts or in the HDAC1 immunoprecipitations from the vector control cells. In contrast, p65 was coimmunoprecipitated with HDAC1 in the Flag-p65-reconstituted cells. p65 was found associated with HDAC1 in un- 11) ; upper panels, Western blot probed for p65 from the HDAC1 immunoprecipitations. Lanes 6 and 12, whole-cell extracts to show the presence of HDAC1 and p65 in the extracts. Prior to harvesting extracts, the cells were either untreated (UT) or treated with 10 ng of TNF-␣/ml for the indicated times. PI, preimmune serum. treated cells, and treatment with TNF for 15, 30, or 60 min did not diminish the amount of p65 associated with HDAC1 (Fig.  6 ). There appears to be a slight decrease in the amount of p65 associated with HDAC1 after 30 min of TNF treatment (Fig. 6,  upper panel, lane 3) ; however, the amount of HDAC1 precipitated at this time point was also slightly diminished (Fig. 6,  lower panel, lane 3) . It therefore appears that p65 is associated with HDAC1 even after activation of NF-B with TNF and that there is no change in the amount of HDAC1 associated with NF-B after stimulation with TNF.
HDAC1 can interact in vitro directly with p65. In order to determine if the interaction between p65 and HDAC1 observed in the coimmunoprecipitation experiments was direct, in vitro interaction assays using in vitro-transcribed and -translated p65 and GST-HDAC1 fusions were performed. Figure  7A shows a diagram of full-length p65 as well as three carboxylterminal deletions and one amino-terminal deletion of p65 that was used in these assays. The products of the in vitro transcription and translation reactions are shown in Fig. 7B (lanes 1 to  5) . The luciferase expression plasmid included with the in vitro transcription and translation kit is also shown as a control (Fig.  7B, lane 6) . When the in vitro transcribed and translated p65 was incubated with GST-HDAC1, interactions were seen with full-length p65 as well as with all three C-terminal deletions [p65 wt, p65(1-521), p65(1-313), and p65(1-276)] (Fig. 7C,   lanes 1 to 4) . However, no interaction was seen between GST-HDAC1 and the amino-terminal deletion [p65(270-551)] (Fig.  7B, lane 5) , indicating that the region of p65 which interacts with HDAC1 lies within the Rel homology domain of p65 (Fig.  7C, upper panel) . As expected, no interaction was seen between the luciferase control and GST-HDAC1 (Fig. 7C, lane  6 ) or between any of the p65 proteins and the GST control (Fig. 7C, lower panel) .
Inhibition of HDAC activity causes increased expression of the IL-8 gene. In order to determine if inhibition of deacetylase corepressor proteins had any effect on basal or TNF-induced expression levels of NF-B-regulated genes, ribonuclease protection assays were performed on RNA harvested from HeLa cells after the indicated treatments. A custom ribonuclease protection assay template containing six NF-B-regulated genes (TRAF1, TRAF2, Bfli/A1, c-IAP-2, IL-8, and IL-2R␣) was used. Of these genes, expression of the IL-8 gene was most dramatically affected by inhibition of HDAC activity using TSA. A very slight induction of basal and induced expression of the c-IAP-2 gene was also seen after TSA treatment (data not shown). In the absence of TSA, TNF induction caused an increase in IL-8 expression beginning at about 15 min postinduction and peaking at about 1 h, with the signal beginning to go down by 2 h postinduction (Fig. 8A, lanes 2 to 5) . In the presence of TSA, a higher level of basal IL-8 expression ( 8A, compare lanes 1 and 6) was seen, correlating with the increase in basal expression of the integrated 3XB-Luc reporter gene after TSA treatment (Fig. 1A ). After stimulation with TNF and TSA, the kinetics of induction of IL-8 were similar to those of TNF stimulation alone; however, the level of induction of IL-8 was greater in the presence of TSA treatment (Fig. 8A, lanes 7 to 10) . To further illustrate the effect of TSA treatment on TNF-induced expression of IL-8, Northern blot analysis was performed (Fig. 8B) . These results show that TSA treatment results in an increase in basal IL-8 expression (Fig. 8B , lanes 1 and 6) and causes enhanced and prolonged expression of IL-8 after TNF induction (Fig. 8B , lanes 2 to 5 versus lanes 7 to 10). Expression of two housekeeping genes, L32 (Fig. 8A) and GAPDH ( Fig. 8A and B) , was unaffected by treatment with TNF either in the presence or absence of TSA. Treatment of cells with TSA blocks the activity of HDAC proteins, resulting in hyperacetylation of histones and subsequently a higher level of gene expression. In order to determine if TSA treatment caused hyperacetylation of the IL-8 promoter around the NF-B binding site similar to that seen in the NIH 3T3 cells with the wild-type 3XB-Luc reporter, ChIP assays were performed. Figure 8C shows a diagram of the IL-8 promoter, including the NF-B binding site and the primers used for PCR amplification of the IL-8 promoter region and a region upstream of the IL-8 promoter which does not contain any known transcription factor binding sites. ChIP assays were performed on either untreated cells or cells treated with TSA using an anti-acetyl histone H3 antibody. In Fig. 8D , amplification of the input DNA from the IL-8 promoter and the upstream region used in the ChIP assay and of the DNA after immunoprecipitation with the anti-acetyl histone H3 antibody are shown. Treatment of cells with TSA resulted in hyperacetylation of the IL-8 promoter region (Fig. 8D, upper right panel) , whereas no acetylation and no TSA effect was seen in the upstream region (Fig. 8D, lower right panel) . Based on this data, it is likely that the increased level of expression of the IL-8 gene observed in the ribonuclease protection assay and Northern blot analyses is due to a localized hyperacetylation of the IL-8 promoter.
DISCUSSION
Activation of transcription by NF-B has been shown to require a number of different coactivator proteins including CBP (p300), p/CAF, and SRC-1 (12, 25, 28, 31, 44) . This study was undertaken to determine the potential role of corepressor In addition to an increase in basal expression of the 3XB-Luc reporter and the IL-8 gene, TSA treatment also causes an increase in the inducible level of expression of these genes. Treatment of the NIH 3T3 3XB-Luc cells with TNF and TSA resulted in a 15-fold increase in reporter gene expression compared to a 5-fold increase with TNF alone. The level of induced expression of IL-8 was also higher after TNF and TSA treatment than treatment with TNF alone. Interestingly, only the level of expression, not the kinetics of IL-8 expression, was altered by TSA treatment. That is, expression can begin to be seen 15 min after TNF induction, peaks at 30 to 60 min after induction, and begins to decrease 2 h after TNF induction either with or without TSA treatment. The only difference is that the level of induction in the presence of TSA is greater than in the absence of TSA. These data indicate that HDAC proteins may play a role in regulating the inducible level of expression of certain NF-B-regulated genes in addition to repressing expression of these genes.
The primary level of regulation of NF-B activity is through its retention in the cytoplasm through interactions with IB and its subsequent release and transport into the nucleus upon activation by a variety of stimuli. Although the majority of cellular NF-B in unstimulated cells is cytoplasmic, many cell types appear to have a constitutively low basal level of nuclear NF-B. The function of this nuclear NF-B in unstimulated cells is not clear, although it may be involved in regulating basal gene expression as well as in repressing expression of certain genes. Evidence from our lab and others has shown that another mechanism controlling NF-B activity is the regulation of the p65 transactivation domain. For example, oncogenic forms of H-Ras activate the transactivation function of p65 in a manner that is independent of nuclear translocation (11, 26) . In addition, the serine/threonine protein kinase Akt has also been shown to stimulate the transactivation function of p65 (21) . The mechanism by which these proteins stimulate the transactivation function of p65 is not yet known, but one possibility is by modulating the interaction of NF-B with coactivator and corepressor proteins. The p65 subunit of NF-B is known to be inducibly phosphorylated (30, 38, 39, 44, 45) in response to a number of different stimuli which may regulate the interaction of p65 with coactivator and corepressor proteins. In support of this, inducible phosphorylation of p65 on serine 276 by the catalytic subunit of PKA enhances the interaction of p65 with CBP, thus enhancing the ability of NF-B to activate transcription (44, 45) . The mechanism by which HDAC proteins regulate the activity of NF-B is presumably through their deacetylase activity since TSA inhibits this activity. However, the mechanisms regulating the interactions between NF-B and HDAC proteins are not yet known. It is possible that the strength of the signal activating NF-B may determine the activity of NF-B by regulating the interaction of NF-B with coactivator proteins such as CBP and corepressor proteins such as HDAC1 and HDAC2. In this case, a stronger activation signal may result in a greater affinity of CBP for p65 and potentially weaker interactions with HDAC proteins, resulting in higher levels of expression. Reduced signaling (presumably resulting in reduced phosphorylation of p65) would result in less binding of CBP (or other coactivators) to p65 and a greater amount of HDAC associated with p65, giving a lower level of expression. However, since TSA inhibits the deacetylase activity of the HDAC proteins, we do not yet know if this may also cause dissociation of HDACs from binding to p65, allowing more CBP (or other transcriptional coactivators) to bind. Interestingly, we have found that treatment of HeLa cells with TSA results in enhanced phosphorylation of p65 after a 30-min and 2-h TNF stimulation (Julie L. Hansen, Brian P. Ashburner, and Albert S. Baldwin, Jr., unpublished data). These results are similar to that observed for the CREB transcription factor, which showed that HDAC inhibition potentiated gene expression via cyclic AMP by enhancing phosphorylation of CREB in a chromatindependent manner (24) . It is therefore possible that by inhibiting HDAC activity, the resulting prolonged phosphorylation of p65 may serve to enhance association of CBP (p300) with p65 and thus enhance gene expression.
We are presently attempting to determine the importance of other corepressor proteins in regulating NF-B activity. Our data indicate that both mSin3a and N-CoR can repress TNFinduced NF-B activation of a transiently transfected reporter.
However, we were unable to detect an interaction between p65 and either mSin3a or N-CoR by coimmunoprecipitation. Interestingly, transfection of the SMRT corepressor resulted in a higher level of basal and TNF-induced reporter gene activity. The reason for this is not clear; however, it is possible that SMRT is acting in a manner to sequester the endogenous HDAC proteins, thus causing the higher levels of expression. Our data are in contrast to another report which showed that SMRT as well as mSin3a is able to repress p65-mediated transactivation when cotransfected with p65 (20) . At this time we do not understand this discrepancy, but it is possible that there are cell type effects since different cell lines were used. In addition, although we transfected SMRT, we looked at the effect of SMRT on TNF induction of endogenous NF-B instead of on transfected p65. The fact that expression of SMRT resulted in a higher level of NF-B-dependent expression whereas mSin3a and N-CoR repressed expression may further imply that mSin3a and N-CoR, but not SMRT, are involved in regulating NF-B-dependent gene expression. In conclusion, we have identified a novel mechanism regulating the transactivation function of NF-B. Furthermore, our work shows that NF-B, in association with HDAC1 and HDAC2, plays an important role in repressing gene expression. Since blocking the activity of NF-B has become a primary target for drug therapy in a number of different diseases, it is important to understand what effect this may have on genes negatively regulated by NF-B and on the efficacy of the therapy itself.
